Epitaxially grown self−assembled InAs quantum dots (QDs) 
Introduction
Self assembled InAs quantum dots grown epitaxially on GaAs in Stranski−Krastanow mode have found numerous applications in optoelectronics. Quantum dot lasers were predicted to show better properties and performance with higher efficiency, owing to three−dimensional confinement of excitons in the active region [1, 2] . Since then, quantum dot lasers have already been commercialized, with one of the main application being lasers emitting at telecommuni− cation wavelengths of 1.3 μm and 1.55 μm [3, 4] . A major focus of the work on these quantum dots is extension of the emission wavelength towards the communication band [5] [6] [7] . Further, since laser gain is inversely proportional to spectral linewidth of the active region [8] , it is desired to reduce the inhomogeneous broadening of quantum dot ensembles.
The size and density of these quantum dots depend on the growth parameters [9] . The emission wavelength is strongly correlated to the dot−size. Therefore, growth pa− rameters such as deposition rate, temperature and mono− layer coverage can be used to tune the emission wave− length [10] . Large dots emit at longer wavelengths. Sim− ply, a higher InAs monolayer coverage can give large sized dots. The dot density increases rapidly with depositions exceeding 2.0 ML InAs and gets saturated at 3.0 ML thick− ness of deposited InAs material [11] . So, the emission wavelength of the dots can be tuned towards longer wave− length by increasing the mono layer coverage of the InAs QDs [12] . However, the emission wavelength is still not sufficient to reach the important wavelength region (1.3 μm or 1.55 μm) for telecommunication. Moreover, higher monolayer coverage of InAs QDs has the undesi− rable characteristic of inhomogenity in the dot size which limits the prospect of SQD structure for infrared applica− tions. A low growth rate has been demonstrated to give larger dots of nearly homogeneous size [13] . However, a low growth rate can also give dots with a lower density [10] . A dense distribution of large InAs/GaAs QDs in the active region having nearly uniform size is generally ex− pected for high optical gain lasers operating at telecommu− nication wavelength. The BQD structure, with two layers of quantum dots separated by a thin GaAs spacer layer, can be used as a solution of the shortcomings of the SQD. In a bilayer structure, the bottom layer (seed layer) act as a template to provide nucleation sites for the top layer (ac− tive layer) resulting in a strain driven coupling between the QDs of the layers. Such vertical coupling helps to grow a dense distribution of large sized dots in the active (top) layer of the BQD structure [14] . Further the templeting ef− fect results in a narrow size distribution for the active layer QDs. Thus, by growing BQD structures the size and density of the active QDs can be decoupled from their growth parameters [15] .
In this paper, we seek to compare the optical properties of quantum dots grown with a high InAs monolayer cove− rage in both the bilayer and single−layer heterostructure with identical deposition rate. The BQD structure is covered with increased (3.2 ML) InAs monolayer coverage only in the ac− tive top layer, which has larger contribution in the luminous efficiency of the structure. Such comparison will essentially give an idea of the usefulness of the BQD structure with higher monolayer coverage over the SQD grown with simi− lar parameters. We found BQD structure results in narrow line−width luminescence at longer wavelengths. In order to reduce the luminescence line−width further, we did PL mea− surements of the annealed BQD.
Experimental details

Sample growth
The samples were grown by solid−source molecular beam epitaxy (MBE) using an EPI MOD GEN II reactor. The heterostructure schemes are shown in Figs. 1(a) and 1(b). The SQD sample consists of 3.4 ML of InAs deposited at 520°C at a growth rate~0.03ML/s. For the BQD sample we have grown the seed QD layer with 2.5 ML coverage, in or− der to improve the homogeneity in dot size in the seed layer by reducing the presence of defects and dislocations [16] . This is very important to get homogeneous dot size in the top layer because of the templeting effect of the seed layer in BQD samples. The active layer consists of high (3.2 ML) coverage similar to that of the SQD sample and is grown at 460°C. In BQD structures due to the penetration of the strain field from the seed QDs to the active one, the active layer is grown at a reduced temperature, a characteristic of the BQD growth [17] . This gives the additional advantage of reduced In/Ga intermixing at the active QD and GaAs barrier interface while growing the active QDs. Both the seed layer and active layer dots are grown at~0.03 ML/s growth rate. The 8.5 nm GaAs barrier in between the seed and the active layer was grown at 460°C. Moreover, to com− plete both the SQD and BQD structures, the QDs were capped with GaAs layer grown at 575°C. In addition, both samples contain uncapped dot layers grown under condi− tions identical to those of the respective buried dot layers. The measured V/III flux ratio was~20 for the InAs QDs in both the samples.
Atomic force microscope measurement
The size and uniformity of the dots was studied using con− tact mode atomic force microscope (AFM).
Cross sectional transmission electron microscope measurement
To observe the coupling of dots in the BQD sample before and after rapid thermal annealing, the samples were studied by cross−sectional transmission electron microscopy (TEM). The samples were prepared for this purpose by conventional mechanical polishing and ion milling techniques, and then observed with a microscope under an acceleration voltage of 200 kV.
Measurement of photoluminescence spectra
Photoluminescence (PL) spectra were measured at 8 K as well as at 300 K with the samples mounted on the cold finger of a continuous flow liquid−He cryostat. A 405−nm diode−pum− ped solid state laser giving an optical power of 40 mW was used to excite the samples. The emitted radiation was dis− persed using a 0.75−m monochromator, and detected using li− quid nitrogen cooled InGaAs photodiode array.
Rapid thermal processing
The BQD sample was subjected to ex−situ annealing at 700°C for 30 seconds using an AnnealSys (model AS−One 150) system. The process was carried out in an argon atmo− sphere, and under GaAs proximity capping in order to pre− vent the degradation of sample quality caused by out diffu− sion of As from the sample surface. from these images are 1.5×10 10 /cm 2 and 1.4×10 10 /cm 2 , respec− tively. It can be seen clearly from Fig. 2(a) that the dots in the SQD sample are not homogeneous in size. In addition, some of the dots seem clustered, making their distribution quite un− even. On the other hand, Fig. 2(b) shows that the dots of the BQD sample are nearly homogeneous in size and is uniformly distributed on the growth front. Figure 3(a) and 3(b) show the TEM image of the as−grown and annealed BQD sample re− spectively. It can be seen that the dots in the top layer are aligned with the QDs in the seed layer and the shape of the dots in the annealed sample are preserved. Figure 4 (a) shows the PL spectra of the two samples at 300 K. The ground state peak of the SQD sample is at 1.07 eV (1.157 μm), with a linewidth of~35.5 meV, while the ground state peak of the BQD sample is at 1.01 eV (1.229 μm), with a linewidth of~16.7 meV. The ground state peak wavelength of the BQD sample is significantly longer than that of the SQD sample, despite the monolayer coverage in the active dots in both samples being almost identical. Fi− gure 4(b) shows the comparison between the emission wavelengths from the two samples at room temperature (300 K). The SQD sample has the ground state emission wavelength at 1.259 μm where the same for BQD sample is at 1.338 μm. Figure 5 shows the PL spectra of the BQD sample as measured before and after annealing. Very little difference is observed between the energies of the emission peaks of the two samples. The linewidth of the PL peak of the annealed BQD sample is ~18.6 meV.
Observations
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Discussion
The above observations may be understood if we look at the growth mechanism of quantum dots in both the SQD and BQD samples [9] . In the SQD structure, InAs nucle− ation occurs randomly on the substrate. In general InAs QDs are compressively strained due to the lattice mis− match between InAs and GaAs substrate, which is the driving force for the self−assembled growth of InAs QDs. The strain in the pyramidal shaped InAs QDs is maximum at the base and the strain field gradually relaxes towards the surface of the dots, although not completely. When the QDs are embedded in a GaAs matrix, additional com− pressive strain is introduced into the buried QDs. But in case of the QDs embedded in a very thin (~10 nm) spacer layer, the elastic strain field along the surface of the QDs penetrates across the spacer layer. Thus, in BQD struc− tures, there is strain modulation along the surface of the spacer layer, which acts as a growth front for the ac− tive/top QD layers. During InAs/GaAs MBE growth, if there is a strain modulation along the growth front, the In adatoms tend to migrate to the strained areas resulting in preferential growth of QDs in those areas. In BQD sam− ple, due to the above mentioned template−effect of the seed QDs, the active InAs QDs show a preference to grow towards sites that are directly above the dots in the seed layer [18] . This can be seen in the TEM image [Figs. 3(a) and Fig. 3(b) ] of the sample. The density and distribution of the dots in the active layer of BQD samples is thus determined by those of the dots in the seed layer. The AFM image shows that there is a wide dot−size dis− tribution in the SQD sample. The non uniform size of the dots in the SQD sample manifests itself in the PL spectra. Both the 8−K and 300−K PL spectra of the SQD sample show large linewidth compared to the BQD counterpart. The ground state PL linewidth of the SQD is measured to be nearly twice that of the BQD heterostructure. Thus, the BQD structure enables us to overcome the potential disad− vantage of inhomogeneous size of dots with higher mono− layer coverage, by providing a template for the growth of active (top) QDs. Moreover, the additional advantage of using the BQD heterostructure over the SQD in optoelec− tronic devices is the significant red−shift in the emission wavelength of the active dots of the BQD having high monolayer coverage as that of the SQD. The relaxed state of the active QDs in the top layer of the BQD sample can be ascribed for the red−shift. The relaxed state of the active QDs is maintained by the penetrating strain field for the seed QD through the spacer layer, which is also responsi− ble for the nucleation of the active QDs during MBE growth. Further, the electronic coupling between the dot layers might have some contribution in the red−shift of the emission wavelength of BQD samples compared to SQDs [19] . It is to be noted that the BQD samples reported in this article emits at 1.3 μm at the room temperature which indi− cates the potentia− lity of BQD structures for tele− communication application.
Finally, we have annealed the samples in order to ex− plore the possibility of further improving the PL emission linewidth of the BQD sample. We found the emission linewidth of the BQD heterostructures reported in this arti− cle is very much insensitive to post growth treatments. A nominal blue−shift in the peak emission wavelength can be observed due to annealing which is due to In/Ga inter dif− fusion. This is very usual in QD samples capped with GaAs barrier [20] .
Conclusions
Therefore, we see that bilayer quantum dots with a high (3.4 ML) InAs coverage in the active top layer exhibit better size uniformity, with a longer emission wavelength com− pared to the SQDs of nearly equal monolayer coverage. The narrower linewidth of the ground state peak of the bilayer quantum dots is related to homogeneity in the size of active layer dots. This homogeneous size of the active QDs is a re− sult of the strain coupling from the seed QDs of the sample. Also, an insensitivity of the emission linewidth of the BQDs upon 700°C annealing is found, which cancels the possibi− lity of further improving the linewidth of emission from the dots by post growth treatments.
